Abstract-Ground-Penetrating Radar (GPR) was used to monGraduated water tantk itor water infiltration in sand. Water was injected down an 81 cm long tubed hole with a piezometer recording the depth of water and a tap valve used to adjust it to 15 cm ± 2 cm above the bottom of the tube. During the 20 minutes of infiltration two GPR antennas (transmitter and receiver) were recording a 14cr 38c Piezomete trace every second from an offset position on the surface. The
I1 cm For the bottom border, further work on the estimation of the velocity of radar wave in the infiltration bulb will be needed.
Index Terms-Surface GPR data, time-lapse, cone permeame- Determination of the unsaturated soil hydraulic propertiesI is relevant for effective cleanup of contaminant sites and| agriculture issues [1] . The use of Ground Penetrating Radar (GPR) for measuring soil-water content is well established and a review on the different existing methods is done by Fig. 1 . Water is injected down the 81 cm long tubed hole while a pair of Huisman et al. [2] . Kowalsky et al. [3] also show that the joint source and receiver antennas (R, S) are recording a trace every second from the surface. The piezometer records the depth of the water in the tube. A tap use of time-lapse GPR travel times (obtained on radar data in regulates the water flux to keep the water level at 66 cm under the surface.
transmission from borehole to borehole) and hydrological data (neutron log and infiltration measurements) allows to estimate field-scale soil hydraulic parameters.
II. FIELD EXPERIMENT Moreover, Gribb et al. ( [4] , [5] ), describe the fabrication, calibration and operation of an infiltration system based on
The experiment took place in a sand pit nearby Cernaya modified cone penetrometer (e.g. cone permeameter). This la-Ville in France. The experiment consists of an injection apparatus was designed to inject water under known pressure of water at 81 cm depth, with a constant water height of into the soil. The cumulative inflow volume and pressure 15 cm in the injection tube (Figure 1 ). At first we conducted heads at two locations above the source are measured during a surface GPR acquisition using two antennas from the Mala the injection (wetting) part of experiment. Only the pressure RAMAC system centered on 800 MHz. A 1.5 m by 1.5 m wood heads are recorded during the redistribution process after the board with a 3 cm step grid drawn on it, was used to position water supply is shut off. Simunek et al. [6] and Kodesova the antennas, so that we recorded 34 profiles of 50 traces et al. [7] analyzed the recorded flow data via parameter each. Such a set of data takes approximately 25 minutes to optimization using an inverse code developed by Simunek and acquire. The wood board was cut in two pieces, allowing for Van Genuchten [8] . Here, we propose to evaluate the GPR use the temporary removal of one piece to access the sand surface to infer some information on the wetting front evolution during in between radar acquisition. an infiltration experiment. It will give an in-situ measurement After the surface GPR acquisition, a multi-olffset profile in a non-destructive way.
was acquired on the 22nd line. We processed the raw radar In this paper we present results from an experiment designed data with residual median filtering [9] to remove the DC shift to test GPR for imaging and monitoring water infiltration and a low-pass filter to eliminate high4frequency noise. The in the first meter of sandy soil. After the description of the radargram is displayed on Figure 2 taking the signed squareexperiment set-ulp, we show the radar data and interpret them root of amplitude. One reflection, with a 19 ns two-way travel using hydrodynamic modeling and radar data simulation. in these data. The first one arriving around 13 ns is underlined
We inserted down the hole the extremity of a 6 mm hose in red. The second one is delayed from 20 ns down to 25 ns. connected via a tap to a graduated container of 151 of water. The interpretation of these two echoes is the goal of the rest During the water injection, the water level at the bottom of of this paper. At time t = 1730 s, the wood board was placed the vertical hole was monitored by a piezometer, and manually back to repeat the surface radar acquisition with a 3 cm step in maintained by the operator at 15 cm ± 2 cm, using the tap to both direction. The difference between this processed data set control the water flow from the water tank down the hose. A and the preliminary one is displayed on Figure 5 . The upper transmitter and a receiver antenna were placed at the surface echo underlined with blue dots is corresponding to the echo at fixed positions, respectively 38 cm and 52 cm away from underlined in red in Figure 4 after t = 1200 s. the injection hole. The radar system was set to acquire a trace every 1.3 s. Figure 3 shows the cumulated volume of injected III. HYDRODYNAMIC MODELING water with time. At time t =1280 s, the tap was closed
To get an idea of the shape of the wetting front in such and the piezometer indicates that there is no water left down an infiltration experiment, we simulated the movement of the hole at time t =1300 s. We kept recording radar traces water within the geometry of our experiment using a twoevery 1.3 s until t =1730 s. We processed those data using a dimensional finite element modeling code, HYDRUS-2D [10] . The main hydraulic properties of a soil are described by the two relations K(h) and 0(h) which are respectively the hydraulic conductivity, and the water content as function of the potential head h. The model of van In order to interpret the data we have used GprMax2D -at 1 m depth. A sensitivity study has shown that the choice a Finite Difference Time Domain (FDTD) two-dimensional of this initial condition has very little effect on the result. modeling code -to compute synthetic radargrams. We have A free drainage boundary limits the bottom and no flux are used third order Higdon absorbing boundary conditions (deconsidered through the ground interface and the sides of our fault values of the GprMax2D program). Ten synthetic traces domain. The modeling went on for 1281 K t K 1791 s with were computed simulating GPR data acquired above a cylinder no more water flux. Figure 6 presents two kinds of level with a relative permittivity of 30, centered at 81 cm depth. curves. Plain lines correspond to the wetting front (isolines The cylinder radius varies from 2 cm to 10 cm. The source of 0 =0.05). Those isolines are represented with dashes and receiver antennas are placed at the surface using the same after the time 1281 s where we stop the water flux. Dotted geometry as presented on Figure 1 , over a medium with a lines correspond to the water saturated zone limit (isolines of relative dielectric permittivity of 7.4. The electric conductivity O 0.425).
is set to 0 S m1 and the relative magnetic permeability to 1 in This model is an example of the wetting front evolution both media. arrives earlier and earlier and the bottom one arrives later and later while the cylinder radius increases linearly. We interpret the echo underlined in red in Figure 4 as the reflection on the direction of the GPR antennas. We conclude that the GPR top of the wetting front. The second echo is the reflection on measurements is tracing the external wetting front evolution, the bottom of the wetting front. not the saturated zone. Figure 8 clearly shows that the amplitude of the second
The second remarkable echo in Figure 4 is more difficult reflection is stronger than that of the first. We interpret this fact to interpret in distance values. Indeed, the two-way travel as resulting from the concentration effect due to the concavity time changes during the infiltration are due to two combined of the bottom of the bulb. This effect is also noticeable on effects: i) the wetting zone size is increasing, and ii), the real data (Figure 4) . However, the difference between the two velocity inside the wetting zone is decreasing as the water reflection amplitudes could also be due to a sharper wetting content is increasing. More information on the behavior of front at the bottom of the bulb.
the electromagnetic wave velocity with the water content is B. Field data interpretation needed to go further. From Figure 6 , we will suppose the first echo is on the V. CONCLUSION upper part of a sphere centered on the bottom of the hole. This is possible because the antennas are quite close to each
We have presented a set of GPR data acquired during a other. In this hypothesis, it is possible to compute the radius water infiltration experiment Repeated recording of one trace R of the sphere responsible for the reflection using the picked from one fixed antenna position shows two significant echoes. travel time (red curve of Figure 4 ). The result is presented From numerical GPR data and hydrodynamic modeling, we on Figure 9 . The gap from t = 131 s to t = 262 s is due interpret those two echos as coming from the upper and to the difficulty of picking the top echo during this interval lower interfaces of the wetting front. Assuming the upper (interferences), interface to be fitted by a sphere centered on the bottom of the The precision of R variations with time is very high but the injection hole, we compute the time evolution ofat e radius of bias value of the estimation is badly constrained. Uncertainty On both the velocity estimation and the two-way travel time part of the wetting front has moved 14.5 cm from t =18 s of the echo is responsible for this bias. The migration of the to t =1450 s. Such a measurement is a valuable piece of 3D data cube on Figure 5 could lead to better constrain the information that could be brought into the hydraulic parameter bias value defining the depth of the wetting front at the end estimation process, as it is done with a cone permeameter of the experiment, in [7] and [6] . Figure 9 shows a wetting front displacement of 14.5 cm AKOLDMN from t =18 s to t =1450 s. The hydrodynamic modeling in AKOLDMN section III shows that, using typical sand hydraulic parameters, We are very thankful to A. Zennaki who participated in the saturated zone does not present such a displacement in the the acquisition of the data. We would like to acknowledge
